Luminal Signaling: It’s What’s on the Inside that Counts  by Symonds, Jennifer M. & Hoffman, Matthew P.
Developmental Cell
PreviewsLuminal Signaling:
It’s What’s on the Inside that CountsJennifer M. Symonds1 and Matthew P. Hoffman1,*
1Matrix and Morphogenesis Section, NIDCR, NIH, Bethesda, MD 20892, USA
*Correspondence: mhoffman@mail.nih.gov
http://dx.doi.org/10.1016/j.devcel.2014.11.019
During organogenesis, FGFs are diffusible communication signals that allow cells to coordinate morphogen-
esis and establish tissue architecture. Recently in Nature, Durdu et al. (2014) show that epithelial cell clusters
secrete FGFs into a microlumen, restricting FGF localization so that participating cells coordinate differenti-
ation and collective migration via luminal signaling.Organogenesis involves intercellular
communication to coordinate cellular
responses and establish complex tissue
architecture. Fibroblast growth factors
(FGFs) play a critical role as diffusible
communication signals for migration, dif-
ferentiation, and proliferation. A general
concept is that long-range diffusion of
FGFs occurs from the source cells to a
group of target cells through the extracel-
lular matrix and along cell surfaces
(Figure 1A). The response to FGF gradients
has beenwell studied during limbdevelop-
ment in mice and in the fish lateral line
(Bo¨kel and Brand, 2013). Durdu et al.
(2014) now report in a recent issue of
Nature their discovery of another way that
cells communicate using FGFs. They
show that clustersof epithelial cells secrete
FGF into a central microlumen so that only
cells connected to the lumen can respond
via FGF receptors (FGFRs) on their apical
membranes (Figure 1B). Thus, luminal
signaling allows these cells to communi-
cate, independent of the surrounding cells.
Durdu et al. (2014) use the developing
lateral line of the zebrafish as a model to
study organogenesis and to identify
a new FGF signaling mechanism. The
lateral line is a mechanosensory organ in
fish and amphibians that senses move-
ment and vibrations, analogous to both
mammalian sensory cells of the inner ear
and taste bud receptors. Lateral line
development is dependent on the dy-
namic location of the primordia, cells that
migrate posteriorly, depositing smaller
groups of cells called rosettes (Piotrowski
and Baker, 2014). Rosettes form in many
tissues through apical actomyosin cyto-
skeleton constriction, planar polarized
constriction, or a combination of both
(Harding et al., 2014). During lateral lineformation, rosettes stop migrating, differ-
entiate, and form neuromasts, themecha-
nosensory organs. Durdu et al. (2014)
began by simply observing organ forma-
tion using fluorescence time-lapse micro-
scopy, measuring the timing and spacing
of neuromast deposition along the lateral
line. Then, they modulated FGF signaling
using chemical inhibition, genetic deletion
of theFGF receptor (FGFR1a), andgenetic
activation of FGF signaling (overexpress-
ing FGF3-GFP). These approaches all
showed that FGF signaling regulates
the timing of neuromast deposition in
a dose-dependent manner. However, the
authors also unexpectedly observed that
overexpression of FGF3-GFP resulted in
apical secretion and sequestration of
FGF3-GFP in a microlumen at the center
of the epithelial rosette. This surprisingly
correlated with neuromast migration and
differentiation. The authors then showed
that both FGF3-GFP and another control
protein (secGFP) were secreted by the
polarized rosette cells into the lumen. By
inhibiting secretion with brefeldin A, they
also showed intracellular accumulation of
FGF3-GFP in the rosette cells. They
confirmed that the microlumen is a sealed
structurewith tight junctions and that each
rosette cell is in contact with an apical,
spherical microlumen.
The next challenge was to confirm that
the microlumen containing FGF3-GFP
was actually a ‘‘hub’’ of FGF signaling for
the rosettes. Immunostaining for FGFR1a
with an antibody the authors generated
showed that the rosette cells express
FGFR1a on both luminal and basal
surfaces. They hypothesized that FGFs
confined inside the microlumen would
restrict signaling to cells in contact with
the lumen. To test this, the authors usedDevelopmental Cell 31,a series of elegantly designed experi-
ments using mosaic expression of FGF3-
GFP and cell transplants expressing
FGF3-GFP. They found that any
cell expressing FGF3-GFP can initiate
rosette formation and that a single
cell expressing FGF3-GFP is sufficient
to initiate rosette differentiation. They
confirmed that FGF signaling is occurring
in rosette cells by using a sensitive
and quantitative in situ hybridization tech-
nique to measure pea3 expression, a
readout of FGF signaling. They showed
that rosette cells surrounding the mi-
crolumen containing FGF3-GFP have
increased pea3 expression, which is
decreased by an FGFR inhibitor. They
also measured pea3 in rosettes with
mosaic expression of FGF3-GFP and
confirmed that the increase in pea3
transcripts is highly restricted to rosettes
with FGF3-GFP expression. These data
supported their hypothesis that FGF
signaling is restricted to cells in contact
with an FGF3-GFP-containing microlu-
men and suggest that both autocrine and
paracrine luminal FGF signaling may
occur. The microlumen provides a way
for these cells to communicate with each
other and coordinate their behavior, inde-
pendent of other epithelial cells.
The proposed model for luminal
signaling predicts that the patency of the
lumen is essential to both restrict and
enhance FGF signaling. Therefore, the au-
thors tested whether the assembly and
integrity of the microlumen are essential
for FGF3 signaling in the rosettes. First,
they took a genetic approach to reduce
lumen formation independently of the api-
cal-basal polarity of the rosettes. This is
not straightforward, asmany of the regula-
tors of lumen formation are also crucialDecember 8, 2014 ª2014 Elsevier Inc. 519
Figure 1. Models of FGF Signaling
(A) The gradient model. Both epithelial and mesenchymal cells produce FGFs
(green cells), which diffuse along cell surfaces and through the extracellular
environment. FGFR signaling increases pea3 transcription.
(B) The microlumen model. FGFs are sequestered in a microlumen that con-
nects all rosette cells and forms a hub to coordinate organogenesis via luminal
FGF signaling.
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Previewspolarity factors. They used
knockdown of shroom3 as a
tool to reduce apical actin
function without affecting cell
polarity. This causes a loss of
lumen formation, a reduction
in FGF3-GFP, and a decrease
in FGF signaling. Second,
they used a biophysical
approach using a laser to
physically puncture the micro-
lumen and release the stored
FGF3-GFP. This has a tran-
sient effect, as the cells are
not permanently damaged
and eventually reforma lumen.
However, the authors could
measure that as FGF3-GFP
leaks out of the lumen, pea3
expression decreased. This
showed that the lumen integ-
rity is required to sequester
FGF3-GFP and increase FGF
signaling. As predicted, the
puncture of the microlumen
alsodelayedorgandeposition.
Finally, the authors examined
rosettes fusing to the skin
to form neuromasts in vivo.
When microlumina open to
the external environment
during normal development,
FGF signaling is also
decreased, as measured by
pea3 expression.The work from Durdu et al. (2014)
thus establishes luminal signaling from
a localized FGF source as a new mode
of FGF signaling during organogenesis.
In the future, it will be important to iden-
tify the initiation signals for microlumen
formation and polarized FGF secretion.
It will be interesting to determine whether
the polarized secretion of other growth
factors occurs and whether they, too,
use luminal signaling as a mechanism
during development, as well as regener-
ation and homeostasis. An important
issue not addressed in the Durdu et al.
(2014) study is the role of heparan sulfate
proteoglycan (HSPG) coreceptors, which520 Developmental Cell 31, December 8, 201are essential for FGFR signaling.
Potentially, specific luminal HSPGs may
regulate the luminal signaling, which
also raises the question of whether there
are luminal-specific modifications of HS
involved.
Luminal signaling may also be critical
for mammalian organogenesis, particu-
larly in branching organs such as salivary
glands (Nedvetsky et al., 2014) and
pancreas (Villasenor et al., 2010), where
microlumen formation is an essential
step in lumenization of tubes during
organogenesis. Many mechanisms regu-
late lumen formation, including apoptosis,
cell proliferation, cell migration, and4 ª2014 Elsevier Inc.establishment of polarity (Bry-
ant and Mostov, 2008). This
paper challenges the concep-
tual framework concerning
lumen function during devel-
opment: rather than being a
step toward formation of a
functioning organ, transient
luminal structures may play
an active role in organogen-
esis serving as signaling
hubs to coordinate morpho-
genesis and tissue archi-
tecture. This new mechanism
for cellular communication
during organogenesis shows
that when it comes to FGF
signaling, it’s not just what’s
diffusing on the outside, it’s
also what’s on the inside that
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